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Early Detection of Breast Cancer and Recurrence Following Therapy with

Magnetic Resonance Imaging and Spectroscopy

Robert. E. Lenkinski, Ph.D.; Lawrence Solin, M.D.,

Principal Investigators

Contract #: DAMD17-93-C-3086
INTRODUCTION

ORIGINAL GOAL OF THE PROJECT

The major goal of this proposal was to characterize breast lesions as either
benign or malignant based on a comparison of a number of anatomical, functional
and metabolically based Magnetic resonance imaging (MRI) and Magnetic
resonance spectroscopy (MRS) parameters. A group of 15 patients per year all of
whom met the inclusion criteria for the MRS studies were to be selected from a
larger population of women who were undergoing MRI examinations of the
breast. All of these women had detailed histopathological studies performed and
the diagnosis of benign or malignant was based on the results of these
histopathological studies.

Background. The rising incidence of breast cancer has reached epidemic
proportions. In a recent National Institutes of Health consensus development
conference (June, 1990), it was emphasized that during the 1990's, more than 1.5
million women in the U.S. will be diagnosed with breast cancer and that
approximately 30% of them will die of the disease (1). It is estimated that 1 out of
every 9 women will develop breast cancer during her lifetime.




In general, the smaller the lesion is at the time of detection, the better the
prognosis (2). While it was readily demonstrable that mammography could detect
early, clinically occult breast cancers (3), long term studies were needed to show the

efficacy of screening as a means of reducing breast cancer mortality.

The beneficial effect of screening mammography was initially shown in a
study undertaken by the Health Insurance Plan of New York (HIP), begun in 1963
(4). This study was the first randomized control study to evaluate the efficacy of
screening. From the follow-up evaluation 18 years after the start of the study, a
23% reduction in breast cancer mortality was found for the screened population. In
the 1970's, the National Cancer Institute in conjunction with the American Cancer
Society undertook the Breast Cancer Detection Demonstration Project (BCDDP) in
an attempt to show that population screening was feasible (3,5,6). Detection rates
for breast cancer were twice as high as in the HIP study due to improvements in
technology. Of all the cancers, 88% were seen on mammography, whereas 42% of
cases were not palpable and were detected only by mammography. While not a
randomized control study, the BCDDP data strongly suggests a substantial
mortality reduction for screened women ages 35-74 (7). An ongoing randomized
control study in Sweden has shown at least a 40% reduction in breast cancer
mortality with screening (8). Dutch case control studies have shown a 50%
reduction in bréast cancer mortality with screening (9).

Typical screening programs include annual physical examination and
mammography, supplemented with self examination. Although controversial,
current recommendations suggest a baseline mammogram between the ages of 35-
40, a mammogram every 1-2 years between the ages of 40-50, and a mammogram
every year after age 50. In our hospital, results of mammograms are reported as:
no suspicious findings; probably benign but warrants close follow-up; well defined
mass that requires additional evaluation with ultrasound; or suspicious for
malignancy, biopsy recommended. The follow-up algorithm for probably benign
lesions is an initial follow-up mammogram at a 6 month interval, then yearly
mammography for a period of 3 years. When a lesion of concern is identified
mammographically, the only non invasive method for tissue characterization is
high resolution ultrasound. If the lesion can be shown to be a simple cyst by
ultrasound, a biopsy can be averted.




While mammography has clearly become the gold standard in the detection
of early, clinically occult breast cancer, it has limitations. First, not all cancers will
be detected mammographically. There are several reasons why breast cancers will
be missed, but approximately 30-50% of the false negative mammograms are
unavoidable, as the tumor does not produce changes visible with current
techniques (10).

Perhaps the most significant limitation of mammography is its relatively
low specificity. The positive predictive value for biopsies based on
mammographically detected abnormalities is approximately 15%-30% (11), similar
to the rate for biopsy of palpable abnormalities (20-25%). This low positive
predictive value for mammographically detected abnormalities reflects an overlap
in the mammographic appearance of benign and malignant lesions. If it is
estimated that 150,000 new cases of breast cancer will be diagnosed each year (1),
assuming a 25% true positive biopsy rate, approximately 600,000 breast biopsies
will be performed to make these diagnoses. The lack of mammographic specificity
subjects many women with benign breast disease to unnecessary biopsy. In fact, it
has been estimated that the expense of biopsies is the major cost of screening
mammography programs, accounting for 32.2% of this cost, slightly more than the
cost of the mammograms themselves (12). However, the introduction of needle
biopsy is likely to decrease this cost.

One strategy that has been used to decrease the number of benign biopsies is
the use of systematic follow-up of carefully selected low suspicion lesions as an
alternative to biopsy. Two studies looking at follow-up of these lesions found a
very low percentage of malignancy (<1%) in lesions followed closely for 3-3 1/2
years (13, 14). In one study only .5% of the 3,172 low suspicion lesions that were
followed for at least 3.5 years were found to be malignant. During the same period
of time, 38% of the needle localization biopsies were positive for malignancy,
suggesting an improvement in the rate of benign biopsies(14). Judicious follow-up
of low suspicion lesions is therefore promising as an alternative to biopsy and can
improve the rate of positive biopsies over that previously described in the
literature. However, it would be very advantageous to develop additional ways to
decrease the number of benign breast biopsies, without compromising our ability
to effectively screen for breast cancer.




High resolution ultrasound can characterize some mammographically
detected abnormalities by differentiating simple cysts from solid lesions. However,
it is not generally considered a technique to characterize solid breast masses. CT
scanning has not demonstrated any significant role in the evaluation of patients

with suspicious breast lesions (15).

Another potential method to decrease the number of surgical biopsies that
result from mammographic screening, is stereotactic fine needle aspiration biopsy
(FNAB) (16). There are significant problems associated with this procedure
including false negative biopsies (5-14%) and obtaining insufficient tissue (10-26%).
In addition, this technique requires a skilled cytopathologist. More recently, core-
needle biopsy has received attention as an alternative to FNAB. Although
generally felt to be more accurate than FNAB, there are few studies comparing core
needle biopsy to surgical biopsy in the same patient population. Four such studies
that include a total of 411 patients have reported sensitivities of this technique for
cancer from 85-100% (17-19). However, there has been a single report of seeding of
the needle tract with tumor following core needle biopsy, raising a potential risk of
this technique (20). There remains significant debate relative to the indications for
core needle biopsy as a less invasive alternative to surgical biopsy (21).

MRI. Magnetic Resonance Imaging offers exciting potential for increased
tissue characterization compared to other imaging modalities. Early reports using
MRI to detect both benign and malignant breast lesions suggested that it was not
possible to detect and characterize lesions on the basis of signal intensities on T1
and T2 weighted images (22-24). However, reports on the use of gadolinium
enhanced breast MRI were more encouraging. Cancers were shown to enhance
relative to other breast tissue following the administration of intravenous contrast
agent Gadolinium (III) diethylene-triamine-pentaacetic acid (Gd-DTPA) (25). In
one MRI study, 20% of cancers were seen only after the administration of Gd-
DTPA (26). A’potentially important finding in two studies was the MRI diagnosis
of breast cancer not visible on mammography (26, 27). The detection of
mammographically occult multifocal cancer in up to 30% of patients has led some
investigators to recommend its use to stage patients that are candidates for breast
conservation therapy (28).




The presence of enhancement alone is not specific for cancer.
Fibroadenomas, benign proliferative change and inflammatory change have also
demonstrated enhancement after injection of Gd-DTPA. Preliminary results of
dynamic examinations that studied the kinetics of enhancement suggested that
increased tissue specificity is possible (25-27). In these studies, cancer demonstrated
the most intense enhancement, particularly in the initial phases of the contrast
bolus. Benign solid tumors such as fibroadenomas were shown to demonstrate
variable contrast enhancement, but it appeared to be more delayed than that seen
in malignant tumors. In the first minute after contrast injection, cancers were
found to have twice the enhancement of fibroadenomas and 4 times the
enhancement of normal breast tissue. At times up to 30 minutes after contrast
enhancement, benign and malignant tissue demonstrated a similar amount of
enhancement (25).

There have been a number of reports on the use of contrast enhanced MRI
to distinguish benign from malignant breast lesions. Most investigators have
placed a premium on studying the time course of signal intensity changes of a
breast lesion after the bolus injection of Gd-chelate. Unfortunately, scan protocols
- vary widely among the investigators in this area. For example, Boetes et al (29)
place a premium on high time resolution. Their protocol consists of single slice
non-fat suppressed gradient echo images with 2.6X1.3 mm in plane spatial
resolution (10 mm slice) at 2.3 sec. time intervals. They used a criterion that any
lesion with visible enhancement in less than 11.5 seconds after arterial
enhancement was considered suspicious for cancer. This criteria resulted in 95%
sensitivity and 86% specificity for the diagnosis of cancer. A similar single slice
technique has been reported by others with a time resolution varying from 6-60
seconds (27,30). Citing problems determining the proper location on the
precontrast images to perform a single slice dynamic examination and the need to
detect other lesions within the breast, other investigators have recommended a
multislice technique that records dynamic data from the entire breast after the
injection of contrast (31-35). These investigators have used multislice 2D gradient
echo, 3D gradient echo and echo planar techniques with time resolution varying
from 12 seconds to 1 minute and widely distributed spatial resolution and section
thickness. The use of keyhole imaging techniques that dynamically sample the
center of K space after contrast administration has been suggested as a technique to
obtain dynamic high resolution 3D images of the entire breast (36). However, the



spatial resolution of the enhanced tissue is limited since only part of K space is
sampled after contrast injection. This makes it difficult to assess lesion
architecture. Criteria used to differentiate benign from malignant lesions has also
varied widely among investigators. Criteria as simple as % enhancement at 2
minutes to physiologic models that take into account the initial T1 of the lesion to
calculate Gd concentration as a function of time in order to extract
pharmacokinetic parameters have been reported. The accuracy's cited by these
investigators for differentiating benign from malignant lesions varies from 66% to
93% (29-36). Despite the many different techniques and results cited above, it is
clear that there is a tendency for cancer to enhance more rapidly than benign
lesions after the bolus intravenous injection of Gd chelate. However, it is also
clear that despite any technique and interpretation criterion used, there is some
overlap in the dynamic curves between cancer and benign lesions. This has
resulted in false negative diagnoses in all series.

Others have taken an alternative approach to the characterization of
enhancing lesions on breast MRI. They have taken advantage of the soft tissue
contrast of MRI to extract architectural features that describe breast lesions (37).
Some reports (23,34) on the use of the architecture of breast lesions have suggested
a limited role for these features in the interpretation of breast MRI. However,
using higher spatial resolution techniques others have reported more optimistic
results (37,38).

MRS. The applications of MRS to human tumors has been reviewed by
Negendank (39). A general finding was elevated levels of phospholipid
metabolites such as phosphomonoesters (PME), phosphodiesters (PDE) and
choline containing compounds (Cho). Degani et al (40) have reviewed the pre
clinical studies of breast cancer. NMR data obtained from P-31 studies carried out
on different malignant cell lines and human mammary epithelial cells indicate
differences in the phospholipid metabolism of human breast cancer cells either in
tissue culture or implanted in nude mice (40). The malignant cells consistently
exhibited elevated levels of phosphocholine and phosphoethanolamine (40). The
review of Degani et al (40) also describes the results of C-13 NMR studies which
compared glucose utilization rates in malignant cell lines with human mammary
epithelial cells. These studies indicated that the malignant cells produced ATP
almost exclusively by glycolysis (with concomitant production of lactate) whereas
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the human mammary epithelial cells had about 20% oxidative metabolism.
Degani et al (40) also describe the results of C-13 studies aimed at determining the
details of phospholipid metabolism in human breast cancer cells. These results,
carried out in spheroids, showed that the rate of synthesis of phophatidylcholine
was greatest in cells which were proliferating as compared with non-proliferating
cells. These studies provide a rationale for entertaining the hypothesis that breast
lesions that are malignant will exhibit altered metabolism when compared with
benign lesions.

Sijens et al (41) have reported changes in both H-1 and P-31 MRS in patients
(n=5) with breast cancer. The fat to water ratio was found to be 0.45 in the tumors
as compared with 3.3 in normal tissue. The tumors showed elevated levels of
PME, PDE and inorganic phosphate (Pi). The tumors all showed little or no
phosphocreatine (PCr/ATP <0.2). Similar alterations in P-31 spectral parameters
have subsequently been reported by others (42-47).

Gribbestad et al (48) have recently reported a one and two dimensional
NMR study of perchloric acid extracts of human breast carcinomas. Amongst a
number of interesting findings these authors found elevated levels of
phosphocholine at 3.2 ppm. The PC/valine ratio in tumors was 18.7+12.5 as
compared with'6.60+2.60 for non-involved tissue. These differences were found to
be statistically significant (p<0.01) on a Mann-Whitney test. It was pointed out that
the increase in PC might be accompanied by a decrease in GPC. These authors also
reported a higher level of lactate/glucose in extracts of tumors as compared with
non-involved tissue. Some caution in the interpretation of lactate levels in
extracts is probably warranted since it is often difficult to remove the tissue in a
manner that guarantees that agonal metabolism does not produce lactate. The
observation of glucose resonances in the extract provides some confidence that
this may not have occurred in the study.

von Speckter at al (49) have also reported a high resolution NMR study
carried out on 56 cases with suspected mammary carcinoma. These authors found
that three ratios of compounds detected by NMR (the creatine/fat, choline/fat and
carnitine/fat ratios) could distinguish between malignant and normal tissues at
the 0.995 confidence level. The spectra shown in this report suggest that of the
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three compounds, the level of choline should be easiest to determine at 1.5 T in
vivo.

The results discussed above show that there are differences in the
metabolism of breast cancers compared to normal tissue. Moreover these
differences can be observed by MRS methods in cellular suspensions, model
tumors and extracts of excised human tissue. As part of the technical advances
that were made in vivo MRS at 1.5 T as part of this project it is possible to obtain
localized 1H spectra from lesions that are as small as (6 mm)3 in size in a total of
about ten minutes.

Significance. We begin by defining some of the statistical parameters which
can be used to assess the clinical utility of a given test. The sensitivity of the test is
given by,

Sens= TP/(TP+EN) [

where TP is the number of true positive results, i.e. subjects who have the disease
that the test correctly identifies; and FN is the number of false negatives, i.e. the
number of subjects who have the disease that the test incorrectly identifies as
disease-free. The specificity of the test is given by,

Spec=TN/(TN+FP) [2]
where TN is the number of true negatives results, subjects who are correctly
identified as disease-free; and FP is the number of false positive results, the
number of subjects who are disease-free who are incorrectly identified as having
the disease. The positive predictive value (PPV) is defined as,
’ PPV=TP/(TP+FP) [l

The negative predictive value (NPV) is defined as,

NPV=TN/(TN+FN)  [4]
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At present, about one of every four women with positive findings on
mammography have a biopsy proven malignancy. Although preliminary reports
of MRI have shown variable sensitivities and specificities for the diagnosis of
disease, MRI appears to have the potential for achieving both higher positive
predictive values and negative predictive values ' than mammography. If the
trends observed in our results obtained as part of this study (described in the
following section) are valid in a larger patient cohort, it is clear that MRS will play
an important role in the characterization of breast lesions either on its own or in
combination with MRIL

The prevalence of breast cancer is about 0.4 % in women over the age of
forty. This means that there will be more than 100,000 new cases of breast cancer
diagnosed every year. These diagnoses are currently being made from the
combination of mammography, biopsy and ultrasound for cystic masses. On this
basis there are about 300,000 negative biopsies per year. The elimination of the
need for a portion of these biopsies can result in a substantial cost savings to the
health care system. To date, most economic analyses of breast cancer have focused
on screening mammography (50,51) or have considered the cost effectiveness of
treatment for breast cancer(52). To our knowledge, only one decision model has
analyzed the cost effectiveness of competing workup or staging strategies for breast
cancer (53), specifically the potential cost effectiveness of stereotactic core biopsy.
There is now substantial data to suggest that high-resolution breast MRS may hold
promise for the workup of breast cancer. Specifically, breast MRI has the potential
to reduce the number of negative biopsies of benign lesions (54). To our
knowledge, no studies have yet examined and modeled the clinical and economic
effects of these potential changes.

BODY

Methods.

The development of multicoil MR of the breast. We have developed a multicoil
array specifically for imaging the breast. This array has the advantage of
eliminating the requirement of accurate coil placement, while providing adequate
sensitivity to support high resolution studies. We have three 1.5 Tesla Signa
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(General Electric, Milwaukee, Wisc) systems equipped with the multicoil package.
This consists of 4 separate NMR receivers, and the software to simultaneously
acquire data from 4 separate receive channels. There are connections for up to 6
coils, with the ability to select up to 4 of the 6 coils for image acquisition. The 4
separate images that are acquired by the 4 separate receiver channels are combined
together, weighting the data according to the relative signal within the 4 channels
in each pixel. This has the effect of maximizing the signal to noise ratio in the
composite image, by minimizing noise contributions from channels in areas
outside their sensitive volume. The net result is an image that has the spatial
coverage of 4 receiver coils, and the signal to noise ratio of that from a single
surface coil.

The design for a breast array consists of 4 coils, 2 on either side of the breast.
The coils are arranged on a planar surface in the geometry shown in Figure 1. The
coil is applied to the breast similar to the compression planes in the medial-lateral
oblique mammographic projection. This provides the ability to examine the
maximal amount of breast tissue, including the axillary tail. Compression is
applied with care taken not to cause patient discomfort. Compression serves
several purposes. First, it effectively limits the size of the breast in 1 dimension.
This makes it easier to identify the suspicious region of the breast, since the
required spatial coverage in the compression dimension is limited. Second, the
geometry of the compressed breast is more suitable for surface coil MR imaging.
The reduced distance between the surface and the center of the breast allows for
the use of smaller coils without the center of the breast being outside the sensitive
volume of the coils. Smaller coils provide a higher signal to noise ratio, and thus
support higher resolution imaging. The reduced spatial coverage of the smaller
coils can be offset by the use of a multicoil array as described above. In addition,
gentle compression also holds the breast in a fixed position relative to the coil,
therefore fixing the coils stabilized the breast and reduced motion artifacts.
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Figure 1. A schematic diagram of the breast multicoil device currently used
in our studies.

Patient Selection. 35 patients over 18 years of age and who were referred for
breast biopsy for one of the following reasons were recruited into the study:

1. suspicious mammographic finding.

2. clinical suspicion of breast disease.

3. a mass visible on MRI that is at least 1 cm3 in size.

These patients were selected from a larger study group who are being
recruited by Dr. Mitchell D. Schnall from a clinical research protocol which enrolls
about 100 cases per year. The ratio of benign to malignant mass found in this
population is about 2:1.

Exclusion Criteria:

Patients with a contraindication to MRI examination as well as those who
have had a recent (within the past 6 weeks) needle biopsy of the suspicious area
were excluded from study. Contraindications to MRI examination include:

1. Medically unstable or hematologic, renal, or hepatic
dysfunction '
2. Cardiac pacemaker
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3. Intracranial clips, metal implants, or external clips within 10 mm of
the head
4. Metal in their eyes
5. Pregnant or nursing
6.  Claustrophobia
A description of the clinical MRI/MRS protocol employed
MRI. . After obtaining informed consent, the patients were placed prone on

the breast imaging platform and the 4 coil array was positioned on the patient. The
following MRI sequences were performed:

1. An axial T1 weighted localizer 20 cm field of view (FOV).

2. Sagittal T1 (400/17; 512x384; 18 cm FOV; 3 mm slice thickness) 5 min

3. Sagittal T2 FSE with fat suppression(4000/80, 512x384; 18 cm FOV; 2 mm

slice thickness) 4 min

4. Sagittal gradient echo dynamic contrast enhancement study with fat
suppression (11/2.2; 512x384x32 3D; 35 degree flip angle; 16 cm FOV 2-2.5 mm slice
thickness). This scan was performed pre and post injection of 0.1 mM/Kg Gd-
DTPA. The sequence was repeated 5 times for a total of 500 sec. 15 min

The MR images were reviewed by Dr. Mitchell Schnall in order to ascertain
the following.

1. The presence of a focal mass observable either prospectively or
retrospectively on the precontrast MR sequences which was at least 1 cm3 in size.

2. The presence of a lesion which was at least 1 cm3 in size, visible only post
contrast administration, and is located close to anatomical features identifiable on
precontrast scans.

Subjects who met either of these two criteria were recruited into the MRS
protocol.

MRS.
Solvent suppressed proton spectra were obtained using the stimulated echo
acquisition mode (STEAM) method by;
1. Selecting the voxel location from the appropriate MR images. (minimum

voxel dimensions were 6 mm x 6 mm x 6 mm).

2. Obtaining MR images of the voxel with a TR of 400 msec /TE 16 msec to
ensure the correct location of each voxel (the sequence supports this option). This
acquisition takes 54 sec. ‘
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3. Employing the automated STEAM acquisition sequence to optimize both
the adjustment of the homogeneity as well as the solvent suppression. The
resulting FID was stored. This part of the procedure takes three minutes.

4. A solvent suppressed spectrum was obtained from the voxel with a TE of
31 msec, and 256 averages per spectrum. This spectrum required about 8 minutes
of acquisition

Results Obtained

Improvements in multicoil spectral methods. Multicoils have been used to
improve SNR in single voxel proton MR spectroscopy (MRS) and Chemical Shift
Imaging (CSI). In order to determine the optimal method for processing multicoil
MRS data two recombination schemes were tested using simulations and 1H-MRS
data acquired with a 4 channel multicoil. The two methods are computing a
simple sum and a weighted sum. In the weighted sum, the contribution of each
spectrum to the sum is weighted by its amplitude. In the simple sum, all of the
spectra are equally weighted. SNR comparisons are made relative to a reference
spectrum obtained from the coil in the array which has the largest amplitude
spectrum. Consider the two cases shown in Figures 2 A and 2 B

A Sensitive volume for MRS B Sensitive volume for MRS
3 |
Coil 1 ] Coil 3 Coil 1 Coil 3
Coil 2 Coil4  Coil2 Coil 4
Nt ———————— __.—J
Phantom Phantom

Figure 2. Two examples of voxels placed for localized MRS studies of a
phantom. The example shown in A has the voxel placed in the center of the
sensitive reception region of coil 1. In B the voxel is placed equidistant from all
four of the coils in the multicoil array.
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In the example shown in Figure 2 A, the spectrum obtained from coil 1
would contain almost all of the signal, with coils 2-4 containing mostly noise. If
the noise is uncorrelated i.e., not the same random noise in each coil then the
weighted sum will have preserve the signal-to-noise by minimizing the
contribution of noise to the summed spectra. The simple sum will be a less
optimal combination since each spectrum is weighted equally. In The example
shown in Figure 2 B the spectra obtained from each coil will have the same
amplitude. The simple sum and weighted sum are equivalent in this case. In
general the weighted sum approach has the advantage when the spectra obtained
from the individual coils have unequal amplitudes. The improvement in signal
to noise obtained from a four coil multicoil array over a single coil can range from
about 20% to a factor of two (squareroot of 4) depending on the location of the
sensitive volume for spectroscopy.

An experimental illustration of these theoretical predictions is shown in
Figure 3.

A B

Sensitive volume for MRS _.,.,A.__»A__W.A,__M_ﬁ

Coil 1 Coil 3
_..>

é

Coil 2 Coil 4

— MML_Z

Phantom

4 3 2 1
ppm

Figure 3. A. A four coil array with the sensitive voxel indicated. B Localized
MR spectra obtained from the voxel shown in Figure 3 A.
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The phantom contained 10 mM creatine, 10 mM N-acetylaspartate and 5 mM
glutamine. The arrows show the center of each coil. Coils 1 and 4 are each 8X7 cm
while 2 and 3 are 10X4.5 cm. Solvent suppressed spectra (TR 2000, TE 31) were
acquired from a (2 cm)3 voxel at the location shown. The order of the spectra is
from bottom to top) is coils 1-4, simple sum, and weighted sum. The signal to
noise of the weighted sum was found to be about 20% better than the simple sum
in this case. This is because the voxel is approximately equidistant from all four
coils. The signal to noise of the weighted sum is a factor of 1.8 times better than the
maximum signal to noise of any of the individual coils, confirming the theoretical
predictions made on the basis of simulations.

Improved Spatial localization for MR spectroscopy. The use of short echo,
solvent suppressed localized proton MRS in studies outside the brain have been
hampered by contamination of the spectra with resonances arising from lipids
which are outside the region of interest. There have been a variety of remedies
suggested for this problem. These include applying spatial presaturation pulses
prior to executing the localization sequence, improving the spatial selectivity of
the Radio Frequency (RF) pulses employed and eliminating contaminating
magnetization by using spoiler gradient pulses or phase cycling schemes. These
remedies may be used alone or in combination with each other. We wished to
determine which single remedy or combination of these remedies can effectively
remove lipid contamination. We have constructed a phantom containing two

compartments as shown in Figure 4.

A cubic voxel measuring 6 mm per linear dimension was positioned against
the inner edge of the phantom containing aqueous solution. Solvent suppressed
proton spectra were obtained using the STEAM sequence with an interecho delay
(TE) of 31 msec on a General Electric Signa 1.5 T scanner. The study was performed
with a breast array (body coil transmit). Solvent suppression was achieved by
employing three chemically shift selective (CHESS) pulses before the three slice
selective 90 degree STEAM pulses.

Using this phantom we tested three different options for reducing the lipid
signal; 1) spatial presaturation (six sided); 2) phase cycling (2 and 8 step) and 3) the
use of digitally crafted slice selective pulses (generated with the Shinnar-LeRoux
algorithm) with very sharp and less sharp spatial profiles. For the sake of
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convenience we refer to these options as 1) sat or no-sat, 2) 2 PC or 8 PC (PC
referring to phase cycling), and 3) sharp or fuzzy.

Lipid
A
4 3 N
250 cm
Vegetable oil (Crisco) Cho
O B
Sem '
S Cho
SmM NAA
in H2O
N / NAA
C
| | | ]
4.0 3.0 2.0 1.0

Figure 4. A schematic diagram of the phantom used in the localized MRS
studies. The phantom contains N-acetylaspartate (NAA) and choline (Cho).
Spectra were obtained with the options indicated in the text.

It is important to note that even the pulses with less well defined spatial
transition zones were superior to single lobe sinc pulses. All possible
combinations of these options were also evaluated. The use of the sat option
reduced the intensity of the lipid peak by about a factor of four. We also found that
the use of 8 step phase cycling (8 PC) improved the baseline. Note that the
combination of fuzzy, and 2 PC produced a spectrum (spectrum A) with
considerable lipid signal. The combination of fuzzy, 2 PC, and no-sat gave a
spectrum with reduced lipid signal (spectrum B). The best results were obtained
with sharp, 8 PC and sat (spectrum C) although the lmprovement over sharp, 8 PC
and no-sat was minimal.
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Our results indicate that the most important factor in reducing lipid
contamination is the use of digitally crafted RF pulses with sharp spatial transition
zones. These pulses require more time to play out than pulses with broader
transition zones. This may mean that the minimum echo delay is somewhat
lengthened. For MRS applications in tissues like the breast which contain or
reside in fat, the elimination of out of voxel lipid signal is critical in obtaining
interpretable solvent suppressed proton at short echo delays.

The spatial precision necessary to acquire MR spectra from (6 mm)3 voxels.
Consider an object of volume, Viot. If we use a spatial localization method to
select a smaller volume of this object, Vsel, from which we wish to obtain a
localized spectrum, then the spatial discrimination, D, of the method can be

expressed as:

Vtot — Vsel
D=[—————
[ Vsel ] [l

Under the simplifying assumption of a uniform distribution of metabolites
we can define the spatial precision required for a specified level of contamination
(Ssel/Sout) of the spectrum obtained from the selected volume with signal
originating from the unselected ( Vit -Vsel) volume =3

Vtot — Vsel Ssel
SP = X 6
[ Vsel ] [Sout] (6]

If we assume that the object has a total volume of 1000 cm3 and the selected
volume is 1 cm3 then from equation 5 the value of D is 999. If we define 10%
contamination as acceptable, then the value of SP from equation 6 is about 104.
From equation 5 it is clear that as the selected volume becomes smaller the spatial
precision of the method must become higher.

In order to test spatial precision of the STEAM localization method
discussed in the preceding section, we determined the relationship between the
peak area to noise and the selected voxel volume in the phantom shown in Figure
5.
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Figure 5. The phantom employed to test the spatial precision of the STEAM
method.

Under ideal conditions the relationship between the area to noise and the
voxel volume should be a straight line with zero intercept. We experimentally
determined this relationship by determining the area to noise of the choline
resonance at voxel volumes between 0. 2 and 1.2 em3. Since only the gradient
strength was varied in the volume selection process, we assumed that the RF
pulses had an invariant frequency profile. By analyzing the results of these
experiments carried out with the options indicated in Figure 4 we were able to
define the fractional contamination as Sgyt /Ssel. The results obtained with
standard RF pulses (Fuzzy), RF pulses désigned for high spatial precision (Sharp)
in combination with two and eight step phase cycling schemes are shown in
Figure 6.

Our results obtained on phantoms indicate that the STEAM sequence with
conventional RF pulses can only achieve values of spatial precision of about 3000.
This means that the minimum useful Vsel in a 1000 cm3 object at a 10% level of
contamination is about 2 cm3. With RF pulses designed specifically for high spatial
selectivity the spatial precision can be improved by almost an order of magnitude,
making the minimum useful voxel » Vsel, about 0.3 cm3. This means that spectra
can be obtained from voxels that have linear dimensions of about 6 mm with

about a 20 % contamination of outside signal.
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Figure 6. The variation in the fractional level of signal contamination
obtained from an analysis of data collected on the phantom shown in Figure 5.

MRS studies of breast lesions at 1.5 T. We have found that it is possible to
acquire solvent. suppressed proton spectra using the multicoil array described for
MRI. The spectra are acquired and stored as four separate data files; one spectrum
from each coil. In this mode there are two advantages of the multicoil array over
conventional surface coils. The first advantage is that each spectrum has the
potential signal-to-noise of a small coil. This feature taken together with the
compression of the breast which places the tissue proximal to the coils has meant
that we can acquire spectra from structures with volumes of about 0.3 cm3. The
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combined spectra can improve the signal-to-noise of the resultant spectra by as
much as 4. This extra signal-to-noise results in improved spectral quality and
decreased acquisition times. Since we do not know the location of the lesion
beforehand the use of the multicoil spectral feature allows us to obtain spectra
from each lesion without repositioning of the coil. Typical sets of localized
multicoil spectra obtained at 1.5 T are shown in Figures 7, 8, and 9.

TE 270
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40 4 kY 34 32 8 2s 28
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TE31 Cho

Intraductal & infiltrating ductal CA

r T T Ll T Ll T T
40 s 16 u 32 LY 23 26
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Figure 7. Solvent suppressed proton spectra obtained from a carcinoma. The
voxel size was 1 cm by 7 mm by 7 mm. Spectrum A was obtained at a TE of 31
msec. Spectrum B was obtained at a TE of 270 msec.
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Figure 8. Solvent suppressed proton spectra obtained from a fibroadenoma.
The voxel size was 8 mm by 7 mm by 7 mm. Spectrum A was obtained at a TE of 31
msec. Spectrum B was obtained at a TE of 270 msec.
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Figure 9. Solvent suppressed proton spectra obtained from a tubular
adenoma. The voxel size was 10 mm by 10 mm by 10 mm. The bottom spectrum
was obtained at a TE of 31 msec. The top spectrum was obtained at a TE of 270
msec.

The example shown in Figure 9 shows the highest level of choline present
in any lesion which we have examined. This lesion which contains very rapidly
proliferating epithelial cells is a rare benign mass (this is the only case seen on the
breast service this year). It illustrates the importance of combining the MRI
features with the MRS data in order to characterize the lesion accurately.

Of the 35 patients enrolled in the MRS study 31 were carried out successfully.
The other four cases were uninterpretable due to patient motion. We have
analyzed the MRS data obtained on these 31 cases (15 cancers, 16 benign). We have
carried out a blinded analysis of the proton MR spectra obtained from these
masses to see whether choline can be used to make the distinction between benign
and malignant masses. The results obtained are presented in Table 1.
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Table 1.
The observation of choline in localized in vivo spectra on patients with focal
masses seen on MRI (n=31).

Mass (n=31) Observation of Choline in the spectrum
Benign (n=16) 1/16
Malignant (n=15) 13/15

Note that choline was observed only in the tubular adenoma shown
in Figure 9. The sensitivity of using choline as an indicator for malignancy is 13/15
or 0.87 with a specificity of 15/16 or 0.94. The positive predictive value of using
Cho as an indicator of malignancy is 13/14 or 0.93. The negative predictive value
is 15/17 or 0.88. These values are extremely encouraging and provide a basis for
proceeding with testing this method in a larger cohort. It is likely that the positive
predictive value of using Cho as an indicator of malignancy may be higher than
that reported above since tubular adenomas are extremely rare lesions.

It is important to evaluate the role of MRS in the context of MRL. To this
end we have calculated the sensitivity and specificity of MRI on this same cohort
of 31 patients. The sensitivity is 14/15 or 0.93 with a specificity of 0.69. Note that in
this cohort all of the lesions observed exhibited some enhancement after injection
with Gd-DTPA. This means that we have selected a cohort of patients in which
the prevalence of malignancy (0.49) is higher than in a cohort of patients in which
non-enhancing lesions are included ( 0.35). Our collaborators have shown that
the negative predictive value of Gd-DTPA enhancement is about 0.97. That is, if a
lesion does not exhibit signal enhancement post injection of Gd-DTPA it is almost
certainly benign.

We have evaluated two logical combinations of MRI and MRS; the case
where both MRI and MRS (MRI+MRS) have to be positive for a lesion to be
malignant, and the case where either MRI or MRS (MRI or MRS) is positive for a
lesion to be classified as malignant. The sensitivity of MRI + MRS is 0.70 with a
specificity of 1.00. The sensitivity of MRI or MRS is 1.00 with a specificity of 0.57.
Using these four possibilities we have constructed the ROC curve shown in Figure
10.
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Figure 10. The receiver operator curve constructed from the sensitivities and
specificities of the four diagnostic evaluations carried out on the 31 patients who
were examined by MRS. The gold standard diagnosis was made based on
histopathology.

The results shown in Figure 10 indicate that the combination of MRI+MRS
has the highest specificity. The positive predictive value of this combination is
1.00, suggesting that this combination of results can diagnosis malignancy with
high certainty. )
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CONCLUSIONS

We have successfully developed a technical approach that can be employed
to produce MRS spectra of the breast lesions as small as (6 mm)3. These methods
have been applied to a cohort of 31 patients. Using the presence of choline in the
MR spectra as an indicator of malignancy, the positive predictive value is 0.90.
This observation indicates that MRS may be employed in several ways. First it may
provide a method for the improved distinction between benign and malignant
lesions. Second the presence of choline may provide a means for differentiating
recurrent tumor from radiation induced fibrosis. Finally, changes in the choline
peak may provide a means for assessing response to therapy in patients with
locally advanced breast cancer. Each of these three methods merits further
investigation.

In the following sections we present some of our ideas concerning future
directions this project may take. These include: 1) MRS studies of breast lesions at
4.0 T, 2) determining the incremental diagnostic efficiency of MRS on a larger
cohort of patients, and 3) carrying out an analysis of the cost effectiveness of MRS
as a diagnostic method. Each of these is described below.

FUTURE STUDIES

MRS studies of breast lesions at 4.0 T. The recent installation of a 4T research
whole body MR scanner in our department offers significant advantages to this
project as illustrated below in Figure 11.

We are assessing the advantages of the 4 T scanner (one of only six such
scanners operational in the USA) to characterize more extensively spectral
abnormalities observed at 1.5 T. Examples of spectra obtained at 4.0 T are shown in
Figures 12 and 13.
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Chemical shift, ppm

Figure 11. Solvent suppressed proton MR spectra obtained at 1.5 T (top) and
4 T (bottom), of a phantom containing the compounds indicated (Lac is lactate,
NAA, Glu is glutamate, Cr is creatine, Cho is choline, myo-I is myo-inositol)
plotted on the ‘same frequency scale. The spectra were obtained under identical

conditions. There is a factor of 2.67 improvement in chemical shift dispersion at 4
Tover15T.
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Figure 12. A solvent suppressed proton spectrum obtained from a
normal breast tissue at 4.0 T. The voxel size was 10 mm by 10 mm by 10 mm. The
spectrum was obtained at a TE of 31 msec using STEAM.
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Figure 13. A solvent suppressed proton spectrum obtained from a suspected
carcinoma at 4.0 T. The voxel size was 10 mm by 10 mm by 10 mm. The spectrum
was obtained at a TE of 31 msec using STEAM.

The example shown in Figure 12 illustrates the advantages of increased
chemical shift dispersion of 4.0 T. This dispersion facilitates the detection of
choline and creatine as indicated on the spectrum. The observation of choline in
the spectrum shown in Figure 13 indicates that the lesion is probably a carcinoma.
The examples of 4 T spectra shown demonstrate the advantages of the additional
chemical shift dispersion of 4 T over 1.5 T in localized spectra of the breast.
However the intent is to employ the 4.0 T data to better understand the MRS
results obtained at 1.5 T. The cost and availability of 4 T scanners make it unlikely
that MRS of the breast at 4.0 T will become widely used. On the other hand, there
is a relatively large installed base of 1.5 T scanners. If as indicated by our results,
MRS of the breast has some incremental diagnostic advantage, it would be
relatively easy to implement on these scanners making it available to a large group
of women.

The evaluation of diagnostic tests. Our department has recently formed a
section with a group of investigators who have substantial experience with the
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evaluation of diagnostic tests, the modeling of cost effectiveness, and the
accounting of costs. Each of these methods may be applied to MRS of the breast.
We have begun collaboration with Dr. Curt Langlotz, who is the Chief of the
Health Outcomes Research Section in our department to begin to assess MRS of
the breast. Dr. Langlotz has recently conducted two studies examining the cost
effectiveness of radiological procedures. One study evaluated the cost effectiveness
of magnetic resonance angiography (MAR) in the preoperative planning of
patients with limb-threatening peripheral vascular disease (55). A second study,
evaluated the role of MRI of the prostate gland in preoperative staging of prostatic
carcinoma (56). We expect our experience with the construction of cost-
effectiveness models, specifically those related to diagnostic tests and procedures,
will facilitate the design, construction, and analysis of the decision model for MRS
of the breast.

The relevant statistical methods are ROC curves, and tree-structured
classification (64). Receiver-operating characteristic curve, so called because of
their origin in the early days of radio, are a plot of one minus specificity versus
sensitivity. Each point on the plot corresponds to a different choline level used as
a cutoff to discriminate between benign and malignant lesions. The point nearest
the upper-left corner of the plot may be considered a good cutoff since it
maximizes the smaller of sensitivity and specificity; other options include a cutoff
that gives good specificity at the trade-off of some degradation in sensitivity.
Tosteson and Begg (65) extend the ROC technology to a regression model that can
be adjusted for subject-specific variables such as age that can increase precision of
estimation without necessarily having diagnostic value.

Tree-structured classification yields an analysis similar in appearance to a
corporate organization chart. When several predictors are categorical (e.g.,
presence/absence or grade of MRI features), compared to logistic regression, the
analysis can be more flexible, more easily presented, and statistically superior. The
top "node" of the tree might divide women according to choline level; the method
can select the cutpoint or use a pre-specified one. Women with extremely high
choline levels might constitute a "terminal node"; their chances of a malignancy
may be so high that adding more information would be unnecessary. However, a
good outcome from this first node might be followed by examination of one or
more MRI features that again would yield a split. Modern software for this
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technology can choose the split points (a single variable can be split into more than
two levels), and choose the variables at each node. Cross-classifying subjects by all
levels of all features, with the proportion having a malignancy calculated for each
combination, yields a tree with each branch followed as far as possible.

While ROC curve analysis is the best method to compare the performance of
diagnostic tests, likelihood ratios offer advantages for optimizing clinical use and
impact of diagnostic test results. Thus, likelihood ratios will be derived to
translate these results to clinical applicability. The likelihood ratio measures the
contribution that evidence from a test makes to the probability of an hypothesis--
in this case, the probability that advanced disease is present. Likelihood ratios
computed for continuous variables provide substantially more diagnostic
information than for dichotomous variables. However, the MRI interpretation
results will be categorized into one of the five sequential categories from the
diagnostic scale used by the image reviewers. These categories will be combined
into several groups. Likelihood ratios will be derived for the probability of
advanced disease given each MRI result group. This likelihood analysis will serve
as an important addition to the dichotomous treatment of MRI by the ROC
analysis with particular value for the clinical application of the diagnostic test by
physicians. The results will be incorporated into the interactive decision model as
described below. Table III of Hanley and McNeil (68), which assumes a one-sided
test of significance with alpha=0.05, shows that a sample size N=92 provides 80%
power to detect a difference of 0.125 between ROC-curve areas (Az). Consequently,
a negative result from ROC comparison will be strong evidence against a
significant beneficial effect. Although the above methods can easily be generalized
to discrimination by multiple peaks, for convenience only one spectral peak
(choline) is used for this discussion. With multiple peaks, an ROC curve is
generated by a logistic regression with each subject's "score” being the regression-
based combination of peak heights. The significance of peak height can be tested
within the regression or, with a single marker, by means of 2 x 2 tables (peak
high/low x benign or malignant). Tree-structured classification is used to calculate
the sensitivity, specificity, PPV and NPV of a spectral decision rule and the
increment associated with MRI-based observations. Cross-validation (a feature of
the tree-structured software) allows realistic projections of how the diagnostic
algorithm can perform with future subjects. Data will be analyzed to assess the
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ability of each imaging technique to classify patients correctly into one of two
groups: localized or advanced disease. The sensitivity of MRS with and without
MRI will be determined by computing the percentage of patients who are correctly
identified as having advanced disease. Specificity will be assessed by calculating
the percentage of patients with localized disease who are correctly characterized as
such. The McNemar chi-square statistic will be used to assess the significance of
the difference between proportions (i.e., sensitivities and specificities. ROC curves
will be constructed and analyzed using CORROC2 (Charles Metz, University of
Chicago).One potential problem in assessing diagnostic performance of MRS using
tissue pathology as the reference standard is the issue of verification bias (i.e., that
some patients will not undergo biopsy and thus will not have tissue available for
pathological conformation of disease stage). Verification bias occurs because such
patients are not randomly distributed, but are more likely to involve those
patients who are classified as having limited disease (stages A and B). The
mathematical method outlined by Greenes and Begg (66) will be used to adjust for
verification bias. Performance among different raters will be compared using the
kappa statistic (see Fleiss (67), Chapter 13).

The Cost-Effectiveness of MRS. The objective of our cost-effectiveness
analysis is to define optimal workup and staging strategies for patients with
suspected or confirmed breast cancer. We will construct a decision model that will
determine the cost effectiveness of breast MRS with and without MRI for workup
and staging. The model will incorporate the results of a comprehensive literature
review, the diagnostic accuracy of MRS techniques (from our prospective study),
and the cost in a detailed decision-analytic model. The model will include an
assessment of the quality of life before and after diagnosis and treatment. The
decision model will be used for the following purposes: 1) to analyze and make
explicit the trade-offs among safety, efficacy, effectiveness, and cost; and 2) to
identify the optimal workup and staging strategies for subgroups of patients with
suspected or confirmed breast cancer. We expect our results to show the
mammographic and clinical presentations for which breast MRS and/or MRI is
indicated prior to histologic diagnosis.

Model Structure. Figure 14 shows the workup algorithm that we will
employ ini our computer-based decision model. On the basis of mammographic
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findings and/or a palpable abnormality, the patient will fall into one of four risk
categories. Lesions thought to be definitely benign will undergo routine follow-up
mammography. Lesions which are probably benign, but which do not meet all the
criteria for benignancy will be placed in a structured short-interval follow-up
mammography protocol. Lesions which are definitely or almost definitely
malignant will be referred for definitive staging .

Three competing workup strategies will be modeled for those patients whose
lesions have suspicious mammographic and/or clinical features that otherwise
would result in a referral for surgical biopsy: (1) undergo high-resolution breast
MRS with or without MRI, (2) undergo stereotactic core biopsy, and (3) undergo
conventional surgical biopsy. Those patients whose lesions who have a benign
surgical biopsy will return to routine followup. Those felt to have benign lesions
on the basis of MRI or stereotactic biopsy will be referred for short-interval follow-
up. Those felt to have suspicious or malignant lesions will be referred for staging
and treatment. The predicted differences among the clinical and economic
outcomes of these groups of patients will be used as a measure of the cost
effectiveness of breast MRI for workup of suspicious lesions.
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Figure 14: Flow chart demonstrating the workup of breast disease.
The detection of an abnormality of mammography or physical exam begins

a workup which terminates with follow-up for benign lesions, or staging for
malignant lesions. A comparison is made between those patients who are
referred for high-resolution MRI, and those who are referred for stereotactic
core biopsy. Single rectangles indicate a procedure, test, or protocol. Double
rectangles signify the algorithm. Ovals represent a choice.

A decision model will be designed and constructed according to the
algorithms shown in Figure 14. The model will be implemented and analyzed
using the data from two published models (12, 50) as a starting point. This
incremental cost-effectiveness analysis will consider direct medical costs,
regardless of who incurs those costs. The model will be stratified by age, clinical
presentation, and mammographic appearance. For example, we expect our studies
of radiological-pathologic correlation to suggest subgroups of patients whose
clinical and mammographic presentation places them in one of three to six
categories of risk (e.g., probably benign lesion, indeterminate lesion, probably
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malignant lesion, biopsy proven malignant lesion). The measures of cost-
effectiveness will be computed and analyzed separately for each of these groups.
Each of these decision models will take the form of a conventional decision tree
augmented by a Markov process which models various time-dependent
parameters such as the clinical course of disease. All viable workup strategies will
be considered explicitly: no testing, single tests, and test combinations, including
sequential testing strategies.

Modeling Outcomes of Testing. A base case estimate and range of reasonable

values will be developed for each parameter in the model. The initial model will
be developed and updated according to data from comprehensive, critical
literature review and from primary data about the parameter in question. The
literature review will identify reported test performance, disease prevalence,
outcome probabilities, and patient preferences regarding clinical outcomes. Initial
estimates of many parameters can be obtained from the literature, including the
diagnostic performance of mammography (5, 69), the proportion of lesions
requiring biopsy after 6 month follow-up (14), and the probability of death once
diagnosed with breast cancer (70).

When pc;ssible, we will estimate parameter values and ranges using
information from more than one data source. This technique will allow us to
look for consistency among values across data sources. Estimates from these
sources will be supplemented by expert estimates when experimental data or
reliable published information is not available. A health outcome measure, such
as quality-adjusted life years (QALYs) (71), will then be assigned to each branch of
the tree. Cost estimates for each diagnosis and management strategy will be
obtained the literature (e.g.(12, 53), and from the Medical Resource-based Relative
Value Scale (R!SRVS) Fee Schedule.

Cost-Effectiveness Results. The results of the cost effectiveness model will be
stratified by age and clinical and mammographic presentation, and will be
calculated using two basic methods:

1) Cost per surgery avoided. We will develop a cost-effectiveness ratio
whereby the incremental cost of each strategy (relative to the baseline strategy) is
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the numerator, and the additional cancers detected is the denominator. We will
compare these measures of diagnostic value to the use of other tests for particular
clinical indications (e.g., PSA screening for prostate cancer).

2) Cost per unit of health outcome. Because many observers prefer more
explicit, concrete measures of outcome than the one described above, our second
method of integrating cost and effectiveness will combine cost measurements with
the equivalent measures of health outcome (e.g., quality-adjusted life years). This
calculation will provide a measure of incremental cost per unit of added health
outcome that can be compared to other research on the cost effectiveness of
medical care interventions (e.g., the cost per quality-adjusted life year offered by
coronary bypass grafting, or by mammographic screening).

Sensitivity Analysis. Some model parameters will be subject to several
potential biases, including verification bias, changes in referral patterns, and lead-
time bias. While these biases will be considered explicitly and attempts will be
made to avoid them and to correct for them, standard mathematical correction
methods are imperfect (71). It therefore is extremely important to identify the
major uncertainties and repeat the analysis under a wide range of parameter
values. Accordingly, we will conduct one-way and multi-way sensitivity analyses
on the cost-efféctiveness model to test the robustness of the model’s conclusions.
Among the parameters whose sensitivity will be studied in detail are the
diagnostic accuracy of breast MRS, the likelihood of complications, and the
incidence of breast cancer in the tested population. Such analyses may
demonstrate the dependence (or independence) of a result on a particular
assumption; they may establish the threshold value of a variable that affects the
adoption or rejection of a conclusion; and, they may identify uncertainties that
require additional research. Sensitivity analysis may also provide evidence for or
against the generalizability of the study to other health care facilities that attract a
different patierit mix.

We expect the results of our study to yield recommendations regarding the
use of the breast MRS for physicians who are contemplating the diagnostic workup
of patients with suspected breast malignancy. Because our model is stratified by
age, clinical indication, and mammographic appearance, our results will be
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expressed in a form usable by clinicians caring for patients with suspicious or
malignant breast lesions.
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Abbreviations Employed in the Text.

MRI Magnetic Resonance Imaging -
MRS Magnetic Resonance Spectroscopy
Gd-DTPA Gadolinium(III) diaethylene-triamine-pentaacetic acid
2D two dimensional

3D three dimensional

Gd Gadolinium

PME phosphomomester

PDE phophodiester

Cho choline

NMR Nuclear Magnetic Resonance
ATP adenosine triphosphate

C-13 carbon-thirteen

PCr phosphocreatine

GPC glycerol phosphorylcholine
TP true positive

FN false negative

TN true negative

FP false positive

PPV positive predictive value

NPV negative predictive value

T1 spin lattice relaxation time

T2 spin spin relaxation time

FSE fast spin echo

MR Magnetic Resonance

STEAM stimulated echo acquisition mode
TR repetition time

TE inter-echo delay

FID free induction decay

CSI chemical shift imaging

SNR signal to noise

RF radio frequency

NAA N-acetylaspartate

CHESS chemically shift selective
PC phase cycling
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The Results of Magnetic Resonance Spectroscopy (MRS) Studies of Breast

Lesions at1.5T

We have previously reported in the attached final report that it impossible
to acquire solvent suppressed proton spectra using the multicoil array described

for Magnetic Resonance Imaging (MRI). This array is shown in Figure 1.

0.635 cm
=3 [+

Varable

Lateral Col Plate
Medal Coi Plate
2 Overapping Rectangular
Coils on Each Plate

Figure 1. The four coil multicoil array employed in the MRI and MRS of the
breast lesions.

The spectra are acquired and stored as four separate data files; one spectrum
from each coil. In this mode there are two advantages of the multicoil array
over conventional surface coils. The first advantage is that each spectrum has

the potential signal-to-noise of a small coil. This feature taken together with
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the compression of the breast which places the tissue proximal to the coils has
meant that we can acquire spectra from structures with volumes of about 0.3
cm3 (6 mm linear dimension of a cube). The combined spectra can improve
the signal-to-noise of the resultant spectra by as much as V4. An example of the
combination of spectra is shown in Figure 2.

This extra signal-to-noise results in improved spectral quality and decreased
acquisition times. Since we do not know the location of the lesion beforehand
the use of the multicoil spectral feature allows us:to obtain spectra from each

lesion without repositioning of the coil.
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Figure 2. An example of the localized MR spectra obtained with the multicoil
array shown in Figure 1. The spectra labeled S1 to S4 are the four individual
spectra obtained from each coil. The spectrum labeled Swg is the weighted sum
of the four individual spectra S1-S4. The resonance for choline at 3.2 ppm is
labeled as Cho.
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We have enrolled 52 patients enrolled in the MRS study. Of these 52 patients
, 47 were carried out successfully. The five cases were uninterpretable due to
patient motion. We have analyzed the MRS data obtained on these 47 cases (21
cancers, 26 benign). We have carried out a blinded analysis of the proton spectra
obtained from these lesions to see whether choline can be used to make the
distinction between benign and malignant masses. The criteria used in making
this assessment was the presence of a resonance observed for choline (3.2 ppm)

in the spectra. The results obtained are presented in Table 1.

Table 1.

A Summary of the Results obtained in 47 Breast Lesions.

Lesion Observation of Choline
Malignant 16/21
Benign 1/26

We observed choline in one benign lesion, a tubular adenoma which can be
identified as benign based on MRI criteria alone. The sensitivity of using
choline as an indicator for malignancy is 16/21 or 0.76 with a specificity of 25/26
or 0.96. The positive predictive value of using choline as an indicator of
malignancy is 16/17 or 0.94. The negative predictive value is 26/31 or 0.84.
These values are extremely encouraging and provide a basis for proceeding

with testing this method in a larger cohort. It is likely that the positive
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predictive value of using choline as an indicator of malignancy may be higher
than that reported above since tubular adenomas are extremely rare lesions
(estimates occurrence 1/10,000).

It is important to evaluate the role of MRS in the context of MRI. To this
end we have calculated the sensitivity and specificity of MRI with Gd-DTPA on
this same cohort of 47 patients. The sensitivity is 0.95 with a specificity of 0.71.
We have also explored the possibility of using logical combinations of MRI
and MRS. The results of two of these combinations (MRI and MRS both

positive; MRI or MRS positive ) are given in Table 2.

Table 2.
Sensitivities and Specificity's of MRI, MRS and Two of Their Combinations in

Characterizing Breast Lesions.

Test Sensitivity Specificity

MRI 0.95 0.71

MRS 0.76 0.96
MRI and MRS 0.70 1.00
MRI or MRS 1.00 0.57

We have also constructed a receiver operating curve (ROC) based on these

results shown in Figure 3.
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A Receiver Operating Characteristics
Curve for MRI and MRS of Breast Lesions
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Figure 3. The variations in sensitivities with 1-the specificity for the four tests
indicated. Note that in the characterization of breast lesions it is critically
important to avoid false negatives since this means characterizing a malignant
lesion as benign. This means that the specificity must be set as high as possible.
The combination of MRI and MRS, i.e. both tests must be positive has no false
negative results in our cohort of 47 patients.

-

These results indicate that MRS may be employed in several ways. First it
may provide a method for the improved distinction between benign and
malignant lesions. Second, the presence of choline may provide a means for

differentiating recurrent tumor from radiation induced fibrosis. Finally,
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changes in the choline peak may provide a means for assessing response to
' therapy in patients with locally advanced breast cancer. Each of these three

methods merits further investigation.



